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SUMMARY 
This report, NASA CR-165209, under Contract DEN3-6 sum- 
marizes the results of hydro en pernreabilit , diffusivity, 
and solubility measurements ! or seven iron- g ase alloys and 
one cobalt-base alloy over the range 650°-8150C (1200"-1500°F). 
The test alloys included wrought iron-base alloys Multimet N-155, 
Incoloy 800, A-286, and 19-9DL, and cast alloys XF-818, SAF-11, 
and CRM-6D. The cobalt-base alloy was low carbon 6B. In addi- 
tion to permeability for uncoated alloys, the effects of four 
selected coatings were assessed on Multimet N-155, and the best 
coating was applied to the other wrought iron-base alloys. Ap- 
parent activation energies for permeability and diffusivity were 
calculated from Arrhenius plots of the data. 
INTRODUCTION 
The Stirling engine currently under development by the 
Department of Energy employs hydrogen as the working fluid. 
Containment of hydrogen under the high operatin temperatures 
and pres of the engine is a major technica problem. 
Few data 
I fyrzf exist on the rate of permeation of hydrogen 
through iron-base and other high-temperature slloys at high 
temperatures and pressures. Furthermore, the long-term effects 
of hydrogen on the physical and mechanical properties are also 
unknown. For these reasons, evaluation of candidate alloys for 
the heater head and heat exchanger tubing of the Stirling Engine 
is in progress. This report sumnarizes the initial work on 
measurement of hydrogen permeability in several candidate alloys 
This report, NASA CR-165209, under Contract DEN3-6, contains 
hydrogen permeability, diffusivit , and solubility data for 
seven iron-base alloys and one co g alt-base alloy measured over 
the range 650"-815°C (1200"-1500°F). The iron-base alloys in- 
cluded IN 800, 19-9DL, Multimet N-155, A-286, CRM-6D, SAF-11, 
XF-818, and the cobalt-base alloy was low carbon 6B. Also in- 
cluded in this report are permeability measurements on iron-base 
alloys coated with comnercially available coatings. These in- 
cluded Al2O3, glass, silicon nitride, and aluminide diffusion 
coatin s applied on N-155, and an aluminide diffusion coating 
on 19- f DL, A-286, and IN 800. 
Pemeability testing was conducted in a test facility 
designed and constructed by IITRI prior to the start of tk- 
test program. This facility was designed to operate at pres- 
sures * ~ p  to 20.7 MPa (3000 psi) and temperatures to 1200°C. 
Permeability measurements in this program, however, were 
limited to 20.7 W a  and 815°C. 
DETERMINATION OF PERMEABILITY 
Background 
Any component containing hydrogen heated to high tempera- 
ture will suffer loss of hydrogen through the container walls 
by permeation. The rate of hydrogen loss per unit area will 
be dependent on the temperature and pressure of the system 
and the construction materials of the component. Theoretically, 
wall thickness of the container is not a variable since increas- 
ing wall thickness serves merely to delay the appearance of 
hydrogen on the external surface. Because of this, specimen 
thickness was not variable and all permeability measurements 
were made on 0.64 cm (0.25 in.) thick specimens. 
Classically, permeation of any diatomic gas such as hydro- 
gen through a solid, isotropic material involves several major 
steps constituting the permeation process: 
1) Adsorption of the gas molecules on the surface 
2) Dissociation of diatomic molecules into atomic 
species 
3) Diffusion of the dissociated atoms through the 
solid 
4) Recombination of atomic species to diatomic 
species at the external surface 
5) Desorption from the surface. 
For any diatomic gas, the slowest of the above steps, at 
the pressure and temperature of the system, controls the per- 
meation rate. At low temperatures, step 2 may control the 
overall permeation rate. However, at the htgh temperatures 
employed in this program, it is most probable that diffusion 
through the metal controls the process. This was assumed in 
conduct of the permeability measurements in this program. 
The. high velocity of Hz-metal diffusion is generally 
associated with the interstltial solution of these gases in 
metals. It is to be expected, therefore, that the activation 
energy of gas-metal diffusion should be much less than that 
for most metal-metal processes. In general, the ac ivation 5 energy falls in the range of 5 to 20 kcallg-atom, (3  but the 
available data are difficult to interpret because of the sev- 
eral steps of the permeation process and their associated 
energies. 
If diffusion is the rate-controlling step, then the flow 
of gaseous molecules can be expressed by 
where jt = hydrogen flux normal to the surface of the 
membrane (specimen) , cm3 S-~(STP) 
0 = permeability, cm3 s-lcm'lMPa-' 
9 
A = membrane area, cmL 
Ax = membrane thickness, cm 
Pi = input pressure, MPa 
po = output pressure, MPa. 
The flux normal to the surface obeys Fick's first lax 
and, under steacy-state permeation conditions, dc/dx will be 
constant. Integrating Equation 2 for a disk of area A and thick- 
ness Ax provides 
where Co and Ci are the solute concentrations at the output and 
input surfaces, respectively. 
When diffusion is the rate-contyolling step, Co and Ci are 
given by Sievert's Law. For monstomlc gas in a metal, assumlng 
ideal behavior : 
where C = solute concentration 
K = solubility constant 
D = eiternal pressure. 
Substituting this in Equation 3 gives 
Thus, from Equations 1 and 5 with the implied assumptions, 
The diffusion term, D, and the solubility term, K, may be 
assumed to vary with temperature according to the Arrhenius-type 
equations: 
D = Do exp -Ea/RT 
-AH /RT K = K exp 
0 
where Ea is activation energy for self-diffusion and AHs is the 
heat of solution. 
The variation of permeability with temperature may therefore 
follow an equation of the type: 
where 0, = DoKO 
AH = E + AHs. 
P a 
If the out ut pr ssure is ver much less than the inlet T pressure such tRat is negligib e--for example, when the inlet 
pressure was 20.7 MPa and the outlet pressure was less than at- 
mospheric as in this program: 
AP L 
- - . KO exp -AHs/RT. exp-E /RT jt 0 a Ax 
Thus, for conditions of diffusion control, 
In order to determine the value of D from permeation data, 
hydrogen diffusion must be rate controlling. If the above three 
conditions are met, the solsbility constant can be estimated 
from permeability if the diffusion term is known and the rela- 
tive values are significantly diff2rent. 
Clearly, the above analysis depends on the membrane being 
an isotropic material without allotropic and structural changes 
in the crystal structure within the temperature range of interest. 
Furthermore, chemical reactions must not occur between the dif- 
fusina atoms and the membrane constituents. In real systems 
such gs superalloys, these ideal conditions probably db not 
prevail fully. For example, though H2 diffusion in iron is endo- 
thermic, reaction with carbon in the alloys to produce methane 
is known to occur. The degree of cold working has been shown to 
be significant in a lar e number of alloys. Furthermore, the 
presence of porosity an 5 precipitates in these alloys may also 
influence diffusivity, hence permeability and solubility, in rhe 
alloy matrix. Finally, time-dependent microstructural changes 
such as void formation will likely modify permeability rates. 
All of these factors indicate that permeability data obtained in 
this program must be classified as a semiquantitative cornparistin 
of hydrogen permeability for the alloys investigated in this 
program and information obtained through derivation from the 
primary, measured data should be used carefully. 
Experimental Determination 
of Permeability 
Experimentally, both permeability ( 0 )  and diffusivity (D) 
can be determined by measurement, in units convertible to mass, 
of the amount of hydrogen emergin from the output surface of f the membrane. Clearly, there wil be a finite interval between 
the time that the hydrogen gas is permitted to contact the input 
surface until it emerges at a constant rate from the exit side. 
Accordingly, a plot of an experimentally measured quantity of 
hydrogen emerging from the exit side will have the shape shown 
in Fig. 1. For permeability measurements, the quantity of 
emerging is usually measured by either volume or pressure c Eas nges. 
For volume methods at constant pressure, 
where K = a constant of the experimental apparatus. 
For pressure change methods at constant volume, 
where Ti = temperature of the output volume, Vo 
R = gas constant. 
The pressure change method was used in the program for 
permeability measurements. Other experimentally determinable 
parameters necessary for permeability calculations from Equation 1 
were : 
1) Membrane thickness (Ax): 0.64 cm (0.250 in.) 
2 )  Input pressure (pi): 20.7 MPa (3000 psi) 
3) Membrane temperature (Ti): 650°-8150C (1200"-1500°F) 
The steady-state slope ( a )  of the output side volume (con- 
verted to pressure) versus time curve in Fig. 1 was used to calcu- 
late hydrogen flux, j ,  and the intercept on the time axis, OL, is 
lag time. Permeability, @, was calculated using Equations 
15 and 1 with known inpu.t data. The diffusion term was then 
calculated from the lag time, BL, as described below. 
Barrer ( 5 s 6 )  has shown mathematically that, for a disk- 
shaped membrane, D is related to QL according to the equation: 
where C2 = solute concentration at the input surface 
C1 = solute concentration at the output surface 
Co = initial solute concentration within the membrane. 
Since the specimen was degassed under vacuum before hydrogen 
was introduced at the input side and a vacuum maintained on the 
output side, C1 = Co,  and 
Accordingly, by continually monitoring the pressure of hydrogen 
emerging from the output surface with time, the steady-state 
hydrogen flux, jt, and the lag time, OL, were obtained experi- 
mentally. The permeability and diffusion terms were calculated 
from these experimental data and the solubility constants esti- 
mated from Equation 6. 
Using values of permeability (0) and diffusivity (D) at 
different temperatures, Arrhenius plots were made from which 
go and Do, as well as their respective activation energies were 
obtained . 
MATERIALS AND EXPERIHENTAL PROCEDURE 
Test Materials and Specimen Configuration 
This program involved measurement of permeabilities and 
diffusivities for seven uncoated iron-base alloys and one cobalt- 
base alloy. From these measurements, solubility values were 
derived. 
In addition to the eight uncoated alloys, four commercial 
coatings applied to the iron-base alloys were investigated for 
effectiveness in reducing hydro en permeatioc. The seven iron- I base alloys included wrought a1 oys Multimet N-155, Incoloy 800 
(IN boo), A-286, 19-9DL, anc cast alloys CRM-6D, SAF-11, and 
XF-818. Low carbon alloy 6B, a cobalt-base alloy was also 
investigated. Chemical compositions of the alloys are listed 
in Table 1. Heat treatments given to N-155, IY 80C, A-286, 
and 19-9DL are also incl~ded in Table 1. 
The four coatings evaluated included high-density alumina, 
silicon nit~ide, fused glass, and pack diffusion aluminide. 
All ccntings were applied by the coating rnanufacturers on 
specimens supplied by IITRI. Specifications for the coatings 
are listed in Table 2. Appearance of typical uncoated and 
coated specimens is shown in Fig. 2. 
Initially, the effects of all four coatings cn hydrogen 
perse~bility were e\rnluated on N-155 over the ran e 650"-815°C. 
Subsequently, the best performing coatings, HWS 2 5 000 (aluminide), 
was applied to IN 500, A-286, and 19-9DL for permeability mea- 
surements over the same temperature range. 
Wrought test specimens. 6.35 cm diameter and 0.64 cm thick 
with a circular area 1 cm in diameter, were used. Subse uently, 
the overall sample size was reduced to 4.74 cm diameter 2 or the 
cast alloys because of limitation in material availability. 
Samples as small as 3.02 cm were evloyed in later tests. In 
all cases, the effecttve area exposed to hydrogen was 0.785 cm . 
On receipt of the test materi21, the alloys were stamped 
into disks which were then surface ground parallel to 0.64 cm 
thickness. Cast specimens were checked for surface cracks or 
porosity by dye penetrant inspection. After surface grinding, 
sealing grooves were nachined into the surface as shown inFig. 3. 
Coated specimens had sealing grooves on one surface only(Fig. 3a), 
whereas uncoated samples had top and bottom grooves as shown in 
Fig. 3b. It was necessary to enploy graphite gaskets for the 
coated sainples to avoid fracture of the coating during testing. 
Sealing was a major problem in initial permeability tests. 
It w3s found by expel-imentatioc that the mismatchec' angle seal 
design shown in Fig. 4 was effective in reducing nitrogen leaks 
t~ an acceptable level for permeability measurements. This 
design consisted of a 70" angle for the head projection and a 
60"  angle in the specimen seal groove. Low leak rates were 
obtained by preloading the heads and specimens at room tempera- 
rure prior to insertion into the test unit. 
Paterial Microstructure 
The four wrought alloys were given the heat treatment men- 
tioned in Table 1. Typical photomicrographs of allcy A-286, 
IN 800. :J-155, and 19-!?DL are shown in Fig. 5. The large grain 
sizes and twin boundaries may be seen in three alloys while the 
significant zarbide in the matrix of 19-9DL reflected its high 
carbon level (0.31%) and l w  =ealing tenpeiame (1790°F). 
m e  as-cast microstructures of three alloys--n-ly, XF-818, 
SAF-11, and Stellite 6B--were more or less pore free as sham in 
Fig. 6. On the other hand, alloy CRW-6D had significant porosity, 
as may be seen in Figs, 7 and 8. 
Haterial microstructures remained virtually unaffected due 
to per~neatian exposure at these temperatures to 815'C (1500°F) 
which was considerably belw the annealing temperatures of the 
wrou ht alloys. l4icrostruct.txres of IN 800, N-155, XF-818, and f SAF- 1 exposed samples shown in Fig. 9 reveal observable differ- 
ence between them and the received r~aterial microstructures. It 
is to benoted, howeverthat in localized areas, SAF-11 can have 
significan: porosity very close to the surface- 
Test Equipme at 
Permeability measurements were made in a special test 
facility designed and fabricated by IITRI prior to initiation 
of the testing program. This f~cility was designed for operation 
at 20.7 NPa and temperatures to 1200°C. A schematic diagram of 
the facili'iy is shown in Fig. Z G .  The system consists of a bal- 
anced Dressure design in which the hydrogen pressure in the 
internal unit was bala~czd by nitr0ge.i in the annulus between 
the permeability unit and the pressure vessel. An engineering 
drawing of the pressure vessel internals is shown in Fig. li. 
Hydrogen was sepplied to the test unit from 41.4 MPa 
nydrogen tanks regulated to 22.8 MF's and then to 2C.7 m a .  Hy- 
drogen was then transported to the inlet side of the specime~ 
through the fill tubing. A chromel-alumel thermocouple was 
rczintained in contact with the test specimen during testing, 
bat temperacure control was maintained by a second thermocouple 
located in contact with the Nichrome furnace elements. Nitrogen 
in the jacketing volume balancing the hydrogen pressure in the 
test unit was metered in a similar manner to the hydro en, A 
vacuum pump provided a means of evacuating both the in et aad 
exit side of the test specimen. 
f 
On the exit side of the test sample, hydrogen permeating 
through the specimen was transmitted through the exit tubing 
to the pressure measurercent chamber. The vol-me of the exit 
tubing was very small compared to the test chamber. Pressure 
in the Eeasurement chamber was measured by a thermistor gauge, 
model GT-340A, attached to s chart recorder. 
Experimental Procedure 
The specimen and upper and lover heads were assembled at 
roam temperature outside the permeability test facility and 
subjected to a force of 900 N (4000 lbf) in a hydraulrc press. 
This assembly was maintained under pressure wit3 a clamping 
device during incorporation into the test unit. Subsequently, 
the clamping pressure was maintairred by the aaiastable spring 
loading assembly at the top of the test vessel. The output 
chamber was then attached, and the inlet ant-! exit sides checked 
fcr an acceptable leak rate of 2.8  x ~ l l s .  If the sasls 
were adequate, the assembly was heated ta 650°C and held at 
temperature overnight prior to perrueahility measureaents. 
At che beginning of a permeability test, the output side 
seal leak rate was checked first by monitoring the leak rate 
of 'he measurezent chamber. If the leak rate was acceptable. 
the jacket was exposed to 20.7 HPa nitrogen pressure with a 
vacxum mzintained on tho, inlet s i d ~  of the test sample for 3600 
seconds. Following this process, the outlet chamber vas isolated 
and the nitrogen leak rate into the measurement chamber was 
monitored for at least 1800 seconds. This test provided the 
leak rate correcticn for permeability measurements. After the 
leak rate measurement, 
the ! ermeability measurement chamber vas evacuated to 1.5 Pa (li mi fitorr) and high purity (less than 
5 ppm 0 1 hydrogen was introduced to the inlet side of thespeci- 
men to $ egin the permeability cest. The pressure rise measure- 
ment chamber was then wnitored by the thermistor gauge for 
periods up to 1.8 lo4 seconds. 
For mltirle temperature tests. both sides of the test 
sample were evacuated following the permeability test. The 
temper-ture was then reset to the teqerature selected for the 
subse:,uent day's test. The speciffien was again held overnight 
at the selected cest temperature prior to the second test. In 
most cases, multiple te-erature tests were conducted without 
cool;-ng to room temperature. At leas: duplicate permeability 
tescs were conducted for each alloy at fcur temperat-lres ovcr 
the range 650"-815°C. It was comon practice to conduct one 
test at each cernperature in an increasing teaperatare sequence 
and the second test on a decreasing temperzture schedule. 
Prior to permeability tests, the autput (measurement) 
vessel was calibrated by injecting known volumes of hydrogen 
into the chamber. Tkis test uas ccmducted several times w:th 
several volmes of both hydrog~n znd nitrogen. The system 
calibration curves for nitrosen anJ hydrogen are reprgduced 
in Figs. 12 and 13, res?ectiu~l::. Tkese calibration curves 
convert millivolt output ~f the thermistor gauge directly into 
volume af  hydrogen and nitrogen a: the chamber temperature, 
which can chen be converted to H2 and N, volumes at standard 
pressure and temperature. - 
At the conclusion of each pemeatioa test, the nitrogen 
leak rate was calculated by using the recorder output and the 
nitrogen calibration c u m  (Fig. 12). This leak rate vab gem- 
erally found to be 1"Lnearly time dependent, and vas measured 
for at least 1800 s prior to commencing each permeation test. 
Since the hydrogen permeation thermistor gauge trace consists 
of millivolt output due both to the nitrogen "leak" md to the 
hydrogen permeating through the sample, the nitrogen trace was 
subtracted from + ' r  hydrogen penmation trace shown in Ffg. 14. 
This difference provided a third lot of millivolt outputversus P time 6ue to hydrogen permeation a one, converted to a plot of 
ml of hydrogen (STP) versus time using the calibration curve 
shown in Fig. 13. A typical final plot of hydrogen peraeaticm 
versus time for test B2 (IN 800) is shown in Fig. 15- 
Calculation of Permeability (8) 
Usin plots sucn as that shown in Fig. 15, and the permea- f bility ca culatim methods described earlier, the follawing 
represents a sample calculation of ermeability, diffusivity, 
and solubility values. Both permea g ility (Q) and diffusivity 
(D) are measurable quantities determined from plots such as 
that in Fig. 15, whereas solubility values were derived from 
the measured quantitites. During permeation tests, there was 
always a time interval from the time hydrogen gas was introduced 
to the inlet side specimen until it emerged at a constant rate 
from the exit side. The steady-state or linear portion of 
Fig. 15 is related to the permeation flux, jt, according to 
the relationship: 
Slope of linrar region, tan a = J t (18) 
3 -1 
which for r 1  . 15 has the units cm s . Accordingly, for 
--f IN 800 (samp e B2) tested at 81S°C 
The permeation rate (jt) through the sample is related 
to the permeability ( 0 )  according to the equation: 
3 -1 
where jt = permeation flux, cm s 
0 = permeability, em3 crc-l s-I ma-' 
R 
A = specimen permeation area, cmf 
Ax = specimen thickness, cm 
p 5 = input pressure, b p s  
Po = ~utput pressure, XPa 
For specimen B2 at 815°C. 
3 -1 -1 Therefore. 9 = 1 . 9  lo-' cm UE s 
Since testing was done at approximately 2S°C (i-e., stan- 
dard temperature;, then 
Calculation of Diffusivity Term CE) 
' 1  The "lag time. %--the intercept which t?~e steady-state 
portion of the curves makes with the time axis (Fig- 15)--is 
related to the diffusion cerm (D) for this system, acccrding to 
the equation: 
9 
For IN 800 (specimen B2) at 81S°C (from Fig. 15) : 
(0. 5761L Therefore, D = lai5 
Derivation of S7lubility Term (K) 
It has been mentioned earlier that using the ideal gas law 
and Sievert's relationship, and several implied assumptiozls, it 
is possible to derive some information regarding the solubility 
tern at these high temperatures. The relationship in Equation 6, 
can be us23 for the a3ovc data for IF 800. Using 0 = 1.9 x 10 - 5 
cm3 (STP) cm-1 s-1 ?!pa-+ and D = 2.95 x loe5 ca2 5-1, and 
Equation 6, 
It is to be realized, however, that the permeation, diffu- 
s'vity, and solubility of H2 in metals and alloys consist of 
many interrelated steps and processes and the use of permea- 
bility and diffusivity parameters alone to obtain solubility 
may not give a true measure of the parameter without additional 
measuremegts m d  corrections. 
EXPERVMNTAL RESULTS 
Uncoated Metals 
Table 3 sunmarizes the permeability, diffusivity, and solu- 
bility data for all uncoated alloy specimens. Data in Table 3 
include specimen thickness and test sequence, in addition to the 
experimentally determined hydrogen data. In some cases, asample 
was retested after regrinding both the input and exit surfaces. 
These samples are identified in the table. All data generated 
for uncoated metals are include6 in Table 3. However, those 
data considered questionable have been eliminated from theleast- 
squares analysis of the data plotted in this report. Data for 
N-155 at 6-9 MPa and 13.8 MPa at 81S°C are included in Table 3 .  
In the case of SAF-11, only one sample was suitable for testing; 
the duplicate tests were conducted on the same specimen after 
remachining. 
In the early tests. i-e., for IN 800 and A-286, both tests 
were conducted in an increasing temperature sequence. For the 
remaining alloys, both heatingandcooling sequences were employed. 
For alloys tested under both sequences, no significant influence 
of test sequence was determinable in the ciata. S m  problems 
were experienced with the cast alloy specimens. It was not clear 
that cast allcys were completely free of casting cracks in their 
internal structures. Further, some shrinkage porosity may have 
existed In ths cast alloy test samples of CRM-6D, SAF-11, and 
XF-818. 
Individual permeability data for N-155 from Table 3 are 
plotted versus reciprocal of absolute temperature in Fig. 16. 
The least-squares fit of the various data is indicated in the 
plot. Similar plots for permeability coefficient for the remain- 
ing alloys in comparison to N-155 are presented in Fig. 17. In 
each case, a least-squares analysis of the data in Table 3 was 
employed to develop the temperature variation. 
The plots in Fig. 17 indicate similar permeabilities for 
all alloys. However, the slopes of the best fit curve for LC 6B, 
and to a lesser extent that for SAF-11, were less than those of 
the remaining alloys. 
A plot of the diffusion coefficient, D, of the eight alloys 
against 1/T is given in Fig. 18. The diffusivity of all alloy> 
sxhibited similar behavior versus temperature. Again, the cast 
alloy SAF-11 departed somewhat from the other alloys. 
Solubility values derived and shown in Table 3 indicate 
that within the range of experimental variability they remained 
relatively constant with temperature. For endothermic Hz-metal 
systems, in the literature, there are examples of H2 solubility 
increasing with temperature. (1) 
Plots of permeability and diffusivity (Figs. 10 and 11) 
were employed to calculate apparent activation energies for these 
processes. Permeability and diffusivity coefficients were ob- 
served to vary with the absolute temperature following the 
Arrhenius relationship: 
Values of the pre-exponential coefficients 6 and Do, and 
the activation energies Q4 and QD, were calculate8 from Pigs. 17 
and 18. These data for uncoated superalloys are sunrmarized in 
Table 4 .  ~pparent activation energies for permeation were 
similar for most alloys, i-e., 12-20 kcal/mole. For alloy 6B 
(LC), a lower value of 8.1 kcal/mcle was obtained. For diffusion, 
the apparent activation energies calculated from the data ranged 
from 10-20 kcal/mole. The similarity between activation energies 
for diffusion and permeation indicate that the assumption of 
diffusion control was essentially correct. 
As shown in the earlier discussion, the activation energy 
of permeation is, in most cases of endothermic H2 diffusion in 
metals, made up of some, or all, of several individual energies: (3) 
a) energy of adsorption 
b) energy of dissociation 
c) energy of absorption 
d) energy of diffusion 
e) energy of desorption 
f) energy of reassociation. 
Calculated activation energies for solubility were consid- 
erably lower, with 5 kcal/mole being the largest value calculated. 
Depending on data scatter and relative activation energies of 
permeation and diffusion, one may even obtain negative quantities. 
Unless independent and direct measurements of solubility are per- 
formed, the derived data will be reliable though it may be as- 
sumed that the activation energy for the solubility will be 
smaller than for both diffusion and permeation. 
Coated Netals 
Permeability data for the potential hydrogen barrier coatings 
on N-155 are summarized in Table 5. At present, it could not be 
ascertained if diffusion control existed for coated alloys, and 
diffusivity and solubility data were not calculated. The coat- 
ings, including Al2O3, Si3N4 , glass, and a pack aluminide, were applied to the inlet side o the test sample. Problems were ob- 
served i*- adherence of the glass and A120 coatings during 
permeability testing. After testing, the g 9 ass and A1203 coating 
had spalled from the surface; it was not known if the coating 
was adherent during testing. To avoid coating spalling problems, 
all coated alLoys were tested only on an increasing temperature 
sequence beginning at 650°C. Typical appearance of an A1203- 
coated sample is shown in Fig. 19. 
Permeability data summarized in Table 5 and plotted in Fig. 20  
indicate that the pack aluminide (HWS 25000) coating provided the 
lowest hydrogen permeability rates. Permeability coefficients 
and apparent activation energies from Arrhenius analysis are listed 
in Table 6. The unusual permeation behavior shown by the glass- 
coated sample probably resulted from coating cracking andlor 
spalling of the coating. Based on the results shown in Table 5, 
the pack aluminide coating was selected for evaluation on the 
remaining iron-base alloys. 
Table 7 is a summary of permeability data for pack aluminide 
coated (HWS 25000) A-286, 19-9DL, and IN 800. Least-squares best 
fit of the permeability data for coated alloys is plotted versus 
increasing absolute temperature in Fig. 21. Data for the uncoated 
alloys are included in Fig. 21 for comparison. The aluminide 
coating reduced hydrogen permeability by about a factor of five 
over the range 650"-815°C. 
Apparent activation energies and pre-exponential coefficients 
for coated and uncoated alloys are compared in Table 8. Except 
for A-286, all activation energies for permeation were in the 
range of 10-25 kcallmole. 
SUMMARY OF RESULTS 
Hydrogen permeability, diffusivity, and solubilities were 
measured for seven iron-base and one cobalt-base superalloys 
over the temperature range 650"-815°C. The effectiveness of 
four commercial coatings in reducing hydrogen permeabiltty of 
four iron-base superalloys was assessed. The results of this 
study are suunnarized below: 
1. Hydrogen permeability of all eight superalloys 
was similar in the range 650°-8150C and increased 
with increasing temperature. The cobalt-base 
alloy, low carbon 6B, indicated a lesser tempera- 
ture dependence than iron-base alloys. 
2. Diffusion and solubility coefficients were similar 
for all superalloys evaluated. 
3 .  Apparent activation energies for permeability were 
in the range 15-25 kcal/mole for most alloys, simi- 
lar to that obtained for diffusion. Activation 
energies for solubility were low, and most often 
below 5 kcal/mole. 
4 .  An aluminide diffusion coating was most effective 
in reducing hydrogen permeability. A factor of 
five reduction in hydrogen permeability was deter- 
mined over the range 650"-815°C. Alumina, silicon 
nitride, and glass coatings appeared to be less 
effective in reducing hydrogen permeability. However, 
o r - --' and spalling of these nondiffused coatings 
were observed on exposed specimens, thus diminishing 
their effectiveness. 
5. Apparent activation energies for permeability 02 
coated alloys were determined to be 10-25 kcal/mole, 
and possibly somewhat greater than those of the 
uncoated alloys. 
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Table 2 
DETAILS OF COATINGS APPLIED TO IROFI-BASE SUPERALLOYS 
Coating 
Thickness, 
Coating Suppl ier  m (mils)  
A1203 Linde Divis ion,  Union Carbide 
Si3N4 CVC Products , Inc. 0.001 (0.04) 
~ 6 1 0 0 ~ ~  Solar  Division 0.05 (21d 
I n t e r n a t i o n a l  Harvester 
HWS 2 5 0 0 0 ~  Chromizing Corp . 0.06 (2.5)e 
% e t m a t i o n  gun coat ing.  
b~hemica l  vapor depos i t ion .  
C Compositions not  ava i l ab l e .  
d 
S l u r r y  fuse  coat ing.  
e  Pack d i f fu s ion  aluminide. 
O R W W  PAGE 
OF POOR QUALTCV 
Table 3 
SWMRY OF PERHEMILTTY MTA FOR UNCOATED S U Y E W Y S  
Thick- 
Sample nerr ,  
h t e r i r l  No. em 
U-155 A1 0.616 
A2 0.598 
'fbrt 
Sequence 
4 
4 
3 
2 
1 
I 
2 
3 
4 
5 
4 
3 
2 
1 
5 
4 
3 
2 
1 
1 
2 
3 
4 
4 
3 
2 
1 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
4 
3 
2 
1 
Solubtl ty tu .$ 
cll3(s2'P) 
"4 ma-+ 
0 .41  
0.28 
0.52 
0.82 
0.79 
0.59 
0 .31  
0.74 
0 .61  
0 .61  
0 .94  
1.44 
1 .06  
0.96 
1 .31  
0.83 
0 .91  
0 82 
0.76 
0.88 
0.92 
0.92 
0.64 
0 . 3 7  
0.72 
0.88 
0.47 
0.88 
0.64 
1.08 
1.00 
0.86 
1 .00  
0.82 
0.79 
0 76 
0 .71  
0.62 
0 84 
0.42 
0.64 
0.67 
0.54 
Table 3 (:oat.) 
~arorabil~t; Solubility 
(8) : 
thick- Difhulrit. p a b  
S-1. nest, m3 (STPI (D). a (ST?) 
cm =q. c::ce m-l ,-I -2 *-1 --3 *,-* Il.t.ri.1 b. -
52-1 0.653 650 1 8.8 x 10'~ 1.3 0.48 
7C5 2 2 . 4 ~ 1 0 ' ~  8 . 5 x 1 0 - ~  2.82 
760 3 4 . 1 ~ 1 0 ' ~  1 . 7 ~ 1 0 ' ~  2.41 
815 ?, 5 . 8 ~ 1 0 - ~  2 . 3 ~ ~ 0 ' ~  2.52 
90 convert to units of cm3(STP) cm-' multiply by 0.32. 
'TO convert to units of crn3(ST'~) cmm3 atm-l, miltiply by 0.32. 
'13 . B  KPa hydrogen pressure. 
d6. 9 W a  hydrogen pressure. 
'second series of tests after remachinin,: surfaces. 
X
X
X
X
K
X
X
K
 
YgGE is 
Table 5 O F ~ ~ ~ R Q U A L C ~ V  
SWARY OF PERMEABILITY DATA FOR COATED N -15sa 
Thick- 
Sample necs 
Coating No.  an 
Test 
Sequence 
HWS 25000 A107 0.612 
A106 0.610 
a ~ o a t i n g  on i n l e t  s ide  only. 
Table 6 
SLmt4ARY OF ACTIVATION ENERGY AM) 
P R E - m I A L  COEmICIENTS POR CCJATEI) Wl55 
Permeability 
' 0  a a3(=P)  
Coating TZrpe .-I 
Q4 
kcal/arole 
A1203 Detonation gun 1.3 r 3-71 coated 
Si3N4 vapor deposited 3.9 x 15.3 
S6100n Cracked glass 6.7 x 10 -10 a 
HWS 25000 Pack aluminide 2 -3 x lo-' 8.7 
Uncoated -- 1.7 x 10-I 18.8 
a~racked glass coating, data unreliable. 
Table 7 
SUMMARY OF PERHEABILITY DATA FOS PACK ALIMINIDE COATED 
19-9DL, A-286, A ?  IN 800a 
Sample 
No. 
Thick- 
ness 
cm 
B l O l  
Test 
Sequence 
1 
2 
3 
4 
4 
3 
2 
1 
4 
3 
2 
1 
4 
3 
2 
1 
1 
3 
4 
4 
3 
2 
1 
4 
3 
2 
1 
a ~ o a t e d  on i n l e t  side with HlJS 25000. 
Table 6 
CCWARISON OF ACTIVATION ENERGY 
AND PRE-EXPONENTIA?.. COEFFICIFMTS 
FOR PACK ALLMIRIDE COATED AND TXCOAT'ED N-155 
I N  800, 19-9DL, and A286 
Material 
Permeability 
40 * cm3 (STP) S-l =,-5 kcallmole Q 4 n  
Uncoated 
1.7 x 10-I 18.8 
4.1 x lo-' 16.2 
1.4 x 10-I 19.2 
2.i x 10- 2 14.3 
HWS 25000 Coated 
- - 
%egligible effect of temperature was noted. 
- 
- 
D - 
a 
Slope of steady-state 
Time, Arbitrary Units 
Figure 1 
Schematic Representatim of Hydrogen Gas 
Permeating a Solid Material Versus Time 

Figure 3 
Specimen Design f o r  (a) Coated and (b) Uncoated Specimens 
ORIGiNAl PA= IS 
OF POOR QUALITY 
Figure 4 
Details of High-Pressure Specimen Seal Design 
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Figure 13 
Calibration Curve for Detection VesselfThermistor Gauge System 
for Converting Thermistor Out 
ut (millivolts) 
to Hydrogen Volume hl) 
1 
I 
N2 Leak Trace 
Time, Arbitrary Units 
Figure 14 
Schematic Representation of Nitro en Leak and Permeation Traces of Cbart 
Recorder. From the difference f b )  , the net permeation was estimated. 
- - - . . . - . . - . . 
2 Time, 10 s 
Figure 15 
Amount of Hydrogen Permeation Versus Time, 
Sa m ~ l e  B2 (IN 800). 815°C 
Temperature, O C  
Figure 16 
Effect of Temperature on the Permeability 
Coefficient of N-155 
O R ~ N ~  PA= A 
Temperature, *C OF POOR^ 
Figure 17 
EffectofTemperature on Permeability Coefficient of 
Iron- and Cobalt-Base Alloys for the Range 650"-815°C 
Figure 18 
ffect of Temperature on Diffusion Coefficient of Iron- 
and Cobalt-Base Alloys for the Range 650°-3150C 
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Temperature , OC 
0 Uncoated N 
HWS 25000 coating 
0 A1203 coating 
0 s ~ ~ N ~  coating 
A 6100M coating 
0.9 1.0 1.1 
~ O ~ I T ,  qc-I 
Figure 20 
E f f e c t  of Temperature on Hydrogen Permeabi l i ty  
f o r  Di f fe ren t  Coatings Applied t o  N-155 
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Figure 2 1  
E f f e c t  o f  Temperature on Hydrogen Permeability Coefficient 
in HWS 25000 Cuated and Uncoated Iron-Base Alloys 
